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Abstract 
 
The Dunbar field is characterised by a high degree of geophysical, geological, and dynamic complexity. Current field recovery 
factor is only 25 %, after 20 years of production. The field is compartmentalised by a number of faults, which subdivide the 
field into four main areas: the West Flank North, West Flank South, Frontal Central, and Frontal South, with limited to no 
communication between panels. Permeability degradation with depth is observed in all West Flank and Frontal panel layers, 
with significant impairment due to alteration of clay morphology, below paleo-oil water contact, with the permeability range 
of only 1-10 mD. Half of Dunbar field’s accumulation is located in this poor permeability region. New production technology 
application is necessary to help improving recovery from this low permeability region.  
 
Passive inflow-control devices (ICDs) and active inflow control valves (ICVs) provide a range of fluid-flow control options 
that can enhance the reservoir sweep efficiency and increase reserves. Both ICVs and ICDs are capable of equalizing the 
inflow or outflow into heterogeneous reservoirs. With a more evenly distributed flow profile, one can reduce water or gas 
coning, and solve other drawdown-related production problems, thus improving the field recovery. 
 
The objective of this study is to evaluate the feasibility of ICD and ICV application for the coming phase IV wells. Phase IV 
infill wells will encounter reservoirs with different levels of depletion and sweep efficiency. Early water breakthrough may 
become a threat to the success of the campaign. Application of smart completion on the new injector may become helpful to 
optimize the final recovery on the West Flank panel. The intelligent completion provides the availability to selectively steer 
water injection into zones where it is most needed at particular time. 
 
First, the phase IV wells are analysed to choose the best candidate for smart completion application. One horizontal producer, 
and one horizontal injector in West Flank panel were then chosen. The study was performed using a history matched 
ECLIPSE 300 reservoir model of West Flank panel.  
 
The study shows that the installation of ICD or ICV improves the well recovery factor by 10 to 15%, and the overall field 
recovery factor by 1%. The simulation results show that smart completion application in the injector well improves the 
recovery from poor permeability region by 11 %. A key aspect of the work reported in this paper is also to test the proposed 
smart completion strategy against uncertainties on reservoir properties. Simulation results show that smart completion is more 
flexible facing different geological uncertainties cases. 
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Abstract 
 
The Dunbar field is characterized by a high degree of geophysical, geological, and dynamic complexity. Current field 
recovery factor is only 25 %, after 20 years of production. The field is compartmentalised by a number of faults, which 
subdivide the field into four main areas: the West Flank North, West Flank South, Frontal Central, and Frontal South (see 
Figure 1), with limited to no communication between panels. Permeability degradation with depth is observed in all West 
Flank and Frontal panel layers, with significant impairment due to alteration of clay morphology, below paleo-oil water 
contact, with the permeability range of only 1-10 mD. Half of Dunbar field’s accumulation is located in this poor 
permeability region. New production technology application is necessary to help improving recovery from this low 
permeability region.  
Passive inflow-control devices (ICDs) and active inflow control valves (ICVs) provide a range of fluid-flow control 
options that can enhance the reservoir sweep efficiency and increase reserves. Both ICVs and ICDs are capable of equalizing 
the inflow or outflow into heterogeneous reservoirs. With a more evenly distributed flow profile, one can reduce water or gas 
coning, and solve other drawdown-related production problems, thus improving the field recovery. 
The objective of this study is to evaluate the feasibility of ICD and ICV application for the coming phase IV wells. Phase 
IV infill wells will encounter reservoirs with different levels of depletion and sweep efficiency. Early water breakthrough 
may become a threat to the success of the campaign. Application of smart completion on the new injector may become 
helpful to optimize the final recovery on the West Flank panel. The intelligent completion provides the availability to 
selectively steer water injection into zones where it is most needed at particular time. 
First, the phase IV wells are analysed to choose the best candidate for smart completion application. One horizontal 
producer, and one horizontal injector in West Flank panel were then chosen. The study was performed using a history 
matched ECLIPSE 300 reservoir model of West Flank panel.  
The study shows that the installation of ICD or ICV improves the well recovery factor by 10 to 15%, and the overall field 
recovery factor by 1%. The simulation results show that smart completion application in the injector well improves the 
recovery from poor permeability region by 11 %. A key aspect of the work reported in this paper is also to test the proposed 
smart completion strategy against uncertainties on reservoir properties. Simulation results show that smart completion is 
more flexible facing different geological uncertainties cases. 
 
Introduction 
 
Introduction to Dunbar Field. Dunbar Field (3/14a block) is operated by Total E&P 
UK. The Dunbar field was discovered in 1973, and brought on stream in 1994. It is 
located 420 km north east of Aberdeen in the Northern North Sea. The Dunbar field is 
characterized by a high degree of geophysical, geological, and dynamic complexity. 
Current field recovery factor is only 25 %, after 20 years of production. 
The field is compartmentalized by a number of N-S faults and a secondary 
alignment of NE-SW faults, which cross cut and often offset the main N-S faults. The 
larger scale faults downthrow to the east and subdivide the field into four main areas 
(see Figure 1): the West Flank North, West Flank South, Frontal Central, and Frontal 
South Panel, with limited to no communication between panels. Field 
compartmentalisation by sub-seismic faults is part of the reason for poor sweep 
efficiency across the field.  
Dunbar is a 1.2 GBOE of light oil and gas condensate (sub-critical fluid initially 
under saturated) accumulation over three reservoirs: Brent, Statfjord, and Triassic. The 
Brent is the main reservoir (1 GBOE) but with half of it accumulation is at low 
permeability region, less than10mD. Permeability degradation with depth is observed 
in all West Flank and Frontal Panel layers, with significant impairment due to alteration 
 
Figure 1 Dunbar Field Panelling and 
Phase 4 Wells  
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of clay morphology, below paleo-oil water contact, 3560 mSL on the West Flank panel, and 3650 mSL in the Frontal panel. 
Permeability is also heterogeneous spatially. It has a better quality trend towards the north. 
The reservoir contains critical fluid that behaves like light oil in some parts of the reservoir, and like gas condensate in 
other parts. The initial pressure of the reservoir is 575 Bara at 3700 mSL, and the reservoir fluid temperature of 125°C at 
3700 mSL. Oil density is 40 deg API, with viscosity of 0.15 cP. The fluid has a high GOR, of 2200-3900 scf/bbl, and a 
saturation pressure ranging from 330 to 380 Bara. Both the West Flank and Frontal/Central Panels are supported by water 
injection (commenced 1996), and natural depletion in the south panels.   
 
Phase 4 Wells, and their challenges. The Dunbar Phase IV comprises six infill wells: 5 producers and 1 injector. The six 
targets constitute a diverse portfolio that involves four independent areas (see Figure 1). The six infill wells are described in 
the drilling sequence order:  
 WF18 is the future well in the southern horst area, in the border of the drilling distance limit. It aims to improve 
recovery in west flank, south area.  
 EF1 aims the isolated Frontal East panel. There might be some surprises in the OWC depth. 
 WF16 is targeting northern area of west flank, in the border of the drilling distance limit. This well might encounter 
virgin pressure area in the north which is isolated from producing zone by sub-seismic fault. 
 WF19 is a producer in the West Flank North which is targeting another updip downthrown panel. Depending on the 
drilling performance, the well is a potential target for deepening to evaluate the Statfjord reservoir.   
 WF17 is the future water injector well, which is located in downdip position in west flank area. Main objective of 
this well is to change the sweeping pattern in the northern part of the West Flank North which is the most prolific 
part of the field. This injector might encounter poor permeability area (below paleo-OWC), with some possibility of 
high permeability streak. 
 CW5 aims to improve recovery in central west area, which might encounter some depletion. There is a risk of 
compartmentalisation, in this complex area.  
 
West Flank Reservoir Model. The associated reserves to smart completion application development have been calculated 
using approved dynamic models. The Dunbar geological model (Brent reservoir) was built in 2007. Throughout 2009 and 
2010, the dynamic synthesis was updated thanks to a large well monitoring campaign in 2009/2010, and the Schlumberger 
Eclipse reservoir models were history matched. A new base case model, with a disconnection between West Flank North and 
South (see Figure 1) was validated in November 2010.  
The reservoir model measures 21 km (length) by 15 km (width), contains 453,600 active cells. The grid size is 95 m x 
144 m, with varying thickness, in the range of 5 to 77 m. It has 63 in I direction, 144 in J direction, and 50 layers. The model 
contains 22 active producers and 3 active injectors.  
The top of the reservoir is located at 3230 mSL. The initial reservoir pressure is 565 Bara at 3560 mSL. The WOC is 
located at 3660 mSL. The model has one PVT and saturation region with one relative permeability data. The permeability 
distribution in the model is controlled by facies and also controlled with depth and spatial correlation.  The saturation is 
distributed based on different J function correlation for different permeability ranges. The reservoir model is a compositional 
reservoir model with 7 components. The PVT of Dunbar field suggests that there is a pseudo GOC at 3530 mSL. However, 
ECLIPSE 300 only assigns gas property for region above pseudo GOC, while initially in the reservoir the so-called gas is 
more similar to the oil than to the gas. As a consequence it is better to model a monophasic fluid and using total composition 
variation with respect to depth table.  
 
Review of Flow Control Device. Drilling and 
completion technologies have evolved significantly 
over the last years. Technology now allows the 
drilling of complex multi-lateral and extended reach 
wells. This has been completed by the later 
development of down-hole inflow control devices. 
An inflow-control device (ICD) is completion 
hardware that is deployed as part of well 
completions aimed at distributing the inflow evenly 
(Li et al. 2011).  
ICD should be considered for the following circumstances: 
 Reservoir with high permeability contrast (Reservoir Heterogeneities). Reservoir with large heterogeneity can lead 
to poor sweeping efficiency, resulting in premature breakthrough, which can be minimized with ICD application.  
 Heel to toe effect in a long well. ICD was initially developed to mitigate the heel to toe effect, which is caused by 
pressure loss due to friction in long wells. ICD mitigates this by inducing uniform influx by applying additional 
pressure drop. 
 
Figure 2 Typical Scheme of Well Equipped with ICD  
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 Differential depletion due to faulting or compartmentalization. ICD can be designed to avoid cross flow and 
enable production in a single string (Al Marzouqi et al. 2010). 
 Thin Oil Layers. Thin oil layers can result in water/gas coning from aquifer or gas cap, and very sensitive to well 
production rate. ICD assists in achieving uniform influx into the wellbore, hence reducing the risk of water/gas 
coning. 
ICDs are passive controls to the flow. The size of the ICD’s 
restriction is set before or at the time of well completion.  Once installed 
in the well, the device will function as it is initially throughout the life of 
the well unless the whole completion string is retrieved. Even though the 
detailed structures vary from one design to another, the principle for 
different ICD is the same, restrict flow by creating additional pressure 
drop and therefore adjusting wellbore pressure distribution to achieve an 
evenly distributed flow profile along a horizontal well. With a more 
evenly distributed flow profile, one can reduce water or gas coning, 
prevent sand production, and solve other drawdown-related production 
problems (Li et al. 2011). 
ICD should not be mixed with Inflow Control Valve (ICV), which is 
equipped with valves installed along the completion. ICVs are active 
controls for flow because they are adjustable in terms of how much flow 
resistance can be provided. The settings of these valves can be varied to 
optimize the inflow profile along the well in response to monitoring data, obtained from downhole sensors.  
Both ICD and ICV, can also be applied to injector well to help improving the sweep efficiency. The intelligent 
completion provides the availability to selectively steer both water and gas injection into zones where it is most needed at 
particular time. It is also enable the well to choke back the injection into zones that draws undesirable amount of water or gas 
(Abllah et al. 2011).  
From their technical principle, ICDs are adding pressure losses within the well depending on their specific design. 
Additional pressure losses due to ICD completion compared to standard completion are: 
1. Pressure losses in the tubing/casing annulus (annular flow): smaller section area and more surface contact induce 
more friction  
2. Pressure drops through the valves  
3. Additional pressure losses due to the possible extended length of the tubing compared to standard completion  
There are different ICD types offered in the industry today that use either friction or restriction as their mechanism for 
creating pressure drop. The two most commonly used ICDs are the channel type and the nozzle/orifice type, as shown in 
Figure 4.  
Channel-Type ICD. The design causes the fluid to change directions numerous times, which causes the pressure drop 
along a longer channel path, as shown in Figure 4.a (Youngs et al. 2009). This proves advantageous because it generates 
lower flow velocities, which reduces the chances of erosion and plugging. However, a disadvantage of using friction to 
generate pressure drop is that the ICD becomes viscosity dependent, which can cause problems in maintaining uniform 
influx in wells where there is a larger difference between viscosities of the oil and produced water or gas. 
Orifice/Nozzle-Type ICD. These ICDs use fluid constriction to generate a desired pressure drop. Fluid is forced through a 
preconfigured set of small-diameter nozzles (Figure 4.b) or orifices (Figure 4.c) into the pipe to create a flow resistance. 
The pressure drop across this ICD occurs instantaneously, which means that it is highly dependent on the fluid density and 
velocity and not the viscosity. It would be ideal for wells that require a low sensitivity to viscosity. Another advantage of this 
ICD type is that its simple design allows for the 
configuration to be changed rather easily should 
real-time data suggest it. On the contrary, being 
dependent on fluid velocity makes the ICD highly 
prone to erosion from sand particles and less 
resistant to plugging (Youngs et al. 2009). 
 
In this study Nozzle type ICD/ICV is chosen, 
as there is low risk of erosion or plugging in 
Dunbar field. There is no big difference on 
viscosity between oil and water produced. Thus 
make it less favourable for viscosity dependent 
channel type ICD.  
   Figure 3 Standard Injector vs ICD Injector  
(Raffn, A.G et al. 2007) 
Figure 4 ICD Types (Youngs et al 2009) 
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Objective 
The objective of this study is to evaluate the feasibility of ICD and ICV application for the coming phase IV wells. Phase IV 
infill wells will encounter reservoirs with different levels of depletion and sweep efficiency. Early water breakthrough may 
become a threat to the success of the campaign. Application of smart completion on the new injector may become helpful to 
optimize the final recovery on the West Flank panel. The intelligent completion provides the availability to selectively steer 
water injection into zones where it is most needed at particular time. 
First, the phase IV wells are analysed to choose the best candidate for smart completion application. One horizontal 
producer, and one horizontal injector in West Flank panel were then chosen. The study was performed using a history 
matched ECLIPSE 300 full field reservoir model of West Flank panel. An important part of the study is understanding the 
behaviour of the field responding to smart completion application. Some ideas to simulate ICD and ICV application were 
taken from the previous studies (Addiego-Guevara and Jackson, 2008) (Dilib and Jackson, 2013). Some modifications to 
simplify the workflow in the full field reservoir model application were carried out. This study is the first study to analyse 
the interference effect of smart completion application in both producer and injector, in the full field ECLIPSE compositional 
reservoir model, with its own complexity. 
 
Theory and Methodology  
Smart Completion Simulation. The simplest method of modelling a well involves treating the entire well as a single entity 
that connects to the reservoir at multiple locations. The well has a single solution variable – its pressure – which is assumed 
to decrease hydrostatically upwards from the bottom-hole pressure reference depth. Such an approximation works adequately 
for straightforward vertical wells but cannot be used for more complicated systems such as horizontal wells or those that 
contain inflow control devices (Youngs et al. 2009). In these cases, 
pressure changes other than the hydrostatic gradient are important 
for accurately determining the fluid flow in the wellbore and, 
therefore, must be incorporated (Youngs et al. 2009). 
The multi segment well model breaks the well into a series of 
continuous sections referred to as segments (Figure 5). Each 
segment has zero, one, or more connections with the reservoir grid 
blocks. For each segment there are four equations (assuming a three 
phase black oil simulation): three material balance equations and a 
pressure drop equation. The pressure drop equation includes 
hydrostatic, acceleration and friction effects. The equations are 
solved to obtain the pressure, flow rate, and fluid composition in 
each segment (Youngs et al. 2009). 
The key advantage for this work is that segments can be 
configured to represent flow control devices, making use of the multiple levels of branching allowed by the multi segment 
well model (Youngs et al. 2009). 
 
Figure 6 Annular Flow Scheme in Multi Segment Well Model (Addiego-Guevara 2008) 
 
ICD completion modelling in this study is performed using “Well Completion Design” module in Petrel RE. There is an 
Inflow valve option which can be added to the well model. With inflow valve, we could connect the annular flow and tubing 
flow (see Figure 6). Modification of parameters of inflow valve (e.g. : inner and outer diameter) can be done in setting 
properties. We could specify the segment number in a well. The maximum recommended segment’s number by 
Schlumberger is 25.  
Two methods can be used to calculate pressure losses due to ICD completions in ECLIPSE:  
 ECLIPSE can calculate directly the different pressure drops using specific equations taking into account the well 
 
Figure 5 Multi Segment Well Model (Schlumberger 2009) 
∆𝑃𝑐𝑜𝑛𝑠 ∆𝑃𝑐𝑜𝑛𝑠 
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design (diameters, roughness).  
For each well segment ECLIPSE will calculate: Hydrostatic pressure drop (always taken into account), Frictional 
pressure losses (optional), Acceleration pressure losses (optional). 
The pressure losses due to friction can be very important when the well is highly deviated or horizontal and when 
there is an annular flow. The friction pressure losses is based on the formulation used in the correlation of 
Hagerdon-Brown (Schlumberger 2012): 
∆𝑃𝑓 =
𝐶𝑓𝑓𝐿𝑤
2
𝐴2𝐷𝜌
  ................................................................(1) 
The 𝐶𝑓 here is unit conversion constant. Detailed definition on each parameter can be seen in the Nomenclature.  
 
 ECLIPSE calculates the frictional and acceleration pressure losses using imported VLP (Vertical Lift 
Performance) tables. 
 
Nozzle type ICD following Bernoulli principle, pressure drop is in-sensitive to fluid viscosity and directly proportional to 
the fluid density and the flow rate squared. 
∆𝑃 =
∆𝜌𝑄2
𝜋2𝐷4𝐶𝐷
2 ................................................................(2) 
𝐶𝐷 here is the discharge coefficient. Detailed definition on each parameter can be seen in the Nomenclature. 
Because the pressure drop through an ICD, is proportional to the squared flow rate, flow rate is very sensitive to the pressure 
drop. A small pressure drop can cause a big change in flow rate (Youngs et al. 2009). This may result to numerical-
convergence problem. 
According to ECLIPSE manual, the equation used to calculate the pressure drop through a valve is : 
∆𝑃𝑐𝑜𝑛𝑠 = 𝐶𝑢
∆𝜌𝑣𝑐 2
2𝐶𝑣𝐸𝐶𝐿
2 ........................................................(3) 
The 𝐶𝑢  here is the unit conversion constant. While 𝐶𝑣𝐸𝐶𝐿here is ECLIPSE flow coefficient which can be adjusted to 
characterize ICD/ICV. Detailed definition on each parameter can be seen in the Nomenclature. 
There are two methods to reconcile the reservoir model grid and the segmented well representation: 
 Define local grid refinement (LGR) around the well such as it is consistent with multi-segmented well. 
 Upscale the representation and characteristics of ICD completion to fit the grid of the model. It means that one 
equivalent ICD which characteristic must be determined will represent several ICDs of a same zone. 
LGR method is time consuming for full field reservoir simulations and convergence problems are likely to occur. In most of 
the cases, it will be therefore necessary to upscale the ICD completion design. 
 
       
Figure 7 Well with ICD re-presentation in PETREL RE, With and Without Upscaling 
 
Upscaling Method. To be the most consistent possible with the full design, up-scaling has to be done respecting ICD 
characteristics (same number of nozzles and same diameter), and reservoir characteristics (the flow in front of same ICD 
must be homogeneous). Figure 8 shows a design with 6 ICDs within a same zone (left) and the multi segmented well design 
in ECLIPSE (right) with only one segment (red one) to represent the 6 ICDs. 
Sw Sg So PermX
ICD 1
ICD 2
ICD 3
ICD 4
Sw Sg So PermX
Blank 
pipe
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Figure 8 ICD Upscaling Concept 
 
There are some rules have to be respected to represent ICD upscaling: 
 The ICD within the same zone have the same nozzle diameter 
 The nozzle flow coefficient are the same for the ICD and the equivalent ICD 
 The flow rate of the equivalent ICD is the flow rate of the ICD multiplied by the number of ICD (x) within the zone 
(e.g.: for the example in Figure 8, x = 6): 𝑄𝑠𝑒𝑔 = 𝑥.𝑄𝐼𝐶𝐷...................................(4) 
 Pressure drop through each ICD is the same. Hence as an approximation, pressure drop through the equivalent ICD 
is the same: ∆𝑃𝐼𝐶𝐷 = ∆𝑃𝑠𝑒𝑔......................................................................................(5) 
 
The pressure drop through an ICD is defined by equation 3. The pressure drop through each ICD is therefore: 
∆𝑃𝐼𝐶𝐷 = 𝐶𝑢
∆𝜌𝑣𝐼𝐶𝐷
2
2𝐶𝑣𝐼𝐶𝐷
2   ........................................................(6) 
And the pressure drop through each segment is therefore:  ∆𝑃𝑠𝑒𝑔 = 𝐶𝑢
∆𝜌𝑣𝑠𝑒𝑔2
2𝐶𝑣𝐼𝐶𝐷
2   .................(7) 
 
It results to:                                    𝑣𝐼𝐶𝐷 = 𝑣𝑠𝑒𝑔  ..................................................................(8) 
 
It can also be written as:                 
𝑄𝐼𝐶𝐷
𝐴𝐼𝐶𝐷
=
𝑄𝑠𝑒𝑔
𝐴𝑠𝑒𝑔
  ..................................................................(9) 
 
And therefore:                             𝐴𝐼𝐶𝐷 = 𝑥. 𝐴𝑠𝑒𝑔.................................................................(10) 
 
Where 𝐴𝑠𝑒𝑔 and 𝐴𝐼𝐶𝐷 are respectively the segment equivalent cross-section area and the ICD cross-section area. Therefore: 
𝐷𝑠𝑒𝑔 = √𝑥𝐷𝐼𝐶𝐷................................................................(11) 
 
If each ICD has several nozzles (e.g.: y nozzles), the same hypotheses can be taken, and it follows that: 
𝐷𝑠𝑒𝑔 = √𝑦. 𝑥 𝐷𝐼𝐶𝐷 ............................................................(12) 
 
This equivalent diameter is used within PETREL to design the up-scaled completion. It impacts the cross section area of 
WSEGVALVE keyword. 
A run with refined ICD was conducted to test the consistency of the result (comparison of the result can be seen in Appendix 
J). The discrepancy is minor, but the running time with refined ICD is excessively higher. Therefore to minimize running 
time, it is chosen to use the up-scaled method. 
 
Multiphase VLP (Vertical Lift Performance) Correlation. The friction pressure losses calculation used in a multi 
segmented well model in ECLIPSE is based on Hagerdon-Brown correlation (Schlumberger 2012). It is not the most 
recommended method to be used in multiphase inclined well. It is recommended to use Mukherjee and Brill correlation or 
Begs and Brill correlation. A built in correlation by Petroleum Expert company, PETEX 4 is also recommended for 
multiphase flow in inclined/horizontal well (Petroleum Expert 2012). A plot showing comparison of these 3 correlations is 
shown in Appendix F. It can be seen from this figure, that Mukherjee-Brill will give bigger pressure loss in the tubing. More 
explanation on this subject will be explained in the later section. 
 
Methodology scheme.   
The candidate selection plays the crucial part of the study. The main challenge of each candidate has to be properly 
understood. After analysing the available dynamic and static data, screening on the best candidate for this study narrowed 
down to two wells, WF16 and WF17. The selection criteria are mainly based on the following criteria:  
 Production mechanism. Some wells in the central area of the field are pressure supported by injectors while some 
wells in the southern area are under natural depletion. ICD/ICV would be more beneficial to be applied in the well 
with injection pressure support, as it could minimize early water breakthrough problem, due to ‘fingering’ effect 
from injector, where water is preferentially move in the high permeability region. 
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 The well type. ICD is best to mitigate the heel to toe effect. Horizontal well with more frictional pressure loss effect 
will be more favourable for ICD/ICV application. 
 Compartmentalisation along well trajectory. Compartmentalisation due to fault or heterogeneity would create a 
productivity differential across the well trajectory. ICD/ICV completed with zoning in the completion, would be 
beneficial in selective production zone management. 
 Permeability contrast along well trajectory. ICD/ICV will help to create an even distribution profile across the well 
trajectory. This will help improving recovery, avoiding early water breakthrough or coning effect related to un-even 
drawdown issue. 
 Differential Depletion region. Reservoir heterogeneity or existence of faulting, might generate zones with different 
depletion level. ICD/ICV completed with zoning in the completion, would be beneficial in selective production 
zone management. 
The first simulation trial with ICD and ICV is then performed. This first trial run is used to identify the contribution from 
each zone roughly. Some optimizations to have a faster and reliable simulation were performed. These includes: simplifying 
the well trajectory-removing odd connections generated by ECLIPSE, multiplying WF16 well PI (Productivity Index) to 
match the existing well PI with similar property and trajectory, and defaulting well connection factor calculation. 
Nevertheless the run time of simulation with ICD is still relatively long, 10-20 hours, compared to base case of only 1 hour 
(after optimization). At this stage some producer constraints were also attempted to see the benefit of smart completion 
better. Some of these constraints are: liquid rate control, oil rate control, and maximum drawdown control. The liquid rate 
control is chosen as the base case, as it is considered to be more realistic to control the well based on liquid rate in reality 
than to limit it based on drawdown. 
The following step in the study methodology is to optimize further on zone placement and the size of ICD or ICV 
depending on each zone contribution. The zonal flow length controlled by each ICV zone in horizontal and highly deviated 
wells is normally large. A maximum of six ICVs have been installed in a well to date. This is related with the maximum 
number of hydraulic lines to activate the downhole valves. The number of zones controlled with ICDs is limited by the 
number of annular flow isolation packers employed and the incremental cost of ICDs and packers. An ICD completion can 
thus potentially have many more control zones than an ICV completion (Al Khelaiwi et al. 2010). Depending on each zone’s 
ability to flow, different size of ICD or ICV valve (under the range provided by supplier) is defined. For a high contributor 
zone, a smaller diameter size is chosen, to have a more choking effect, and the reverse for the poor contributor zone. 
 
 
 
Figure 9 Study Methodology 
Define candidate for smart 
completion application
(And its associated problem)
ICD first trial ICV first trial
ICD Optimization
• Number of zones
• Nozzle size
ICV Optimization
• Number of zones
• Valve size
• Control Algorithm
Sensitivity on tubing pressure 
loss (VLP) correlation
Sensitivity on injection rate
Test on different ICD/ICV 
application combination in 
both producer and injector
Geological uncertainty analysis
Finalized Proposal
Reservoir Simulation
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Some sensitivity runs were then performed to test the performance of each flow control device. The sensitivities consist 
of the tubing pressure loss (VLP-Vertical Lift Performance) correlation sensitivity, different production scenario sensitivity, 
and a test in having higher injection rate sensitivity. It is important to simulate the VLP correlation in the beginning of the 
study, best to define the VLP correlation used in the base case. Finally some runs to test the geological uncertainty effect 
were simulated. General methodology used in this study can be summarized in the workflow (see Figure 9). 
As for ICV, some different control algorithms have been attempted. Some attempts are including control based on 
segment production rate limitation, or segment pressure drop limitation. However, detailed analysis on each control 
algorithm is not going to be discussed in this paper. It is chosen to control the ICV in the producer based on segment water 
cut, and based on segment injection rate in the injector. In this study the closed loop, inspired by the study conducted by 
Dilib and Jackson (2013) used for automatic feedback control in ICV for producer can be seen in the workflow below: 
 
 
 
Figure 10 Closed Loop Control Strategy in producer well 
All ICVs are open initially at the start of production. An intelligent work over is triggered when the measured segment 
water cut (SWCT) exceeds the threshold value (Dilib & Jackson 2013). Nevertheless, in this study the closed loop is only 
applied once in a well life time, therefore after choking this segment once, it will not be possible to allow more progressive 
choking, in the case where this segment producing more water in the later time. 
It is therefore necessary to test the nested action using user defined keyword to have a more progressive choking when the 
water cut limit is violated in the later time of the well production. However, due to limited time of the project, and the long 
running time (10 to 20 hours), the simple closed loop as explained in Figure 10 is used. Detailed matrix table explaining the 
control being used in this simulation can be seen in Table 1: 
 
Table 1 Simulation Matrix Table 
Parameter Reference Case Sensitivity 
Producer Well Control Liquid Rate of 1000 blpd 
and THP of 40 Bara 
Maximum Drawdown 
and THP of 40 Bara 
(this sensitivity result will not be 
discussed on this paper) 
Pressure loss Correlation (VLP) Mukherjee Brill PETEX 4 
Injection Rate Voidage Replacement of 1.01 Voidage Replacement of 1.3 
ICD zoning (Producer) 4 8 
ICV water cut control (Producer) 70% of water cut 50% of water cut 
ICD/ICV zoning (Injector) 5 4 
Some runs were simulated to test different strategy in applying smart completion. Different combination of ICD/ICV 
application in producer alone, injector alone, and both producer and injector together were simulated.  
 
Result and Discussions 
Smart Completion Application in WF16. ICDs or ICVs are best implemented on the field with a heterogeneity problem. 
Simulation result in the base case shows that there is differential pressure depletion zone along WF16 trajectory, as predicted 
by the geologist (see Figure 11). The well penetrates different depletion zones, which are compartmentalised by faulting. 
The toe is located in the isolated region, with limited connected volume (based on well test result in adjacent well, 3/9B-10).  
It can be seen in the simulated pressure depletion by time (see Figure 11), that the toe section suffers higher depletion 
immediately. While the heel is connected to the main area, hence it is more pressure supported by water injection. The heel 
has better productivity, but also has more significant drawdown, due to significant frictional pressure loss along horizontal 
drain.  
Start 
Production
SWCT > 
Trigger Value?
Choke the 
offending segment
Continue 
Production
Yes
No
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Figure 11 Water Saturation Increment and Pressure Depletion along Well WF16 
 
Smart Completion Application in WF17. Smart completion can also be applied to an injector well. The objective is to have 
a uniform injection profile, and ultimately to improve sweep efficiency, thus improving the field recovery. A simulation with 
tracer injection in the base case, shows that there is a non-uniform progression of waterfront, from injector (WF17) to 
producers. Injection rate is higher in the high permeability area (Figure 12). WF17 will be drilled in downdip area, where it 
is expected to encounter degraded permeability regions, of only 1-50 mD (below paleo-OWC). From the base case 
simulation, injected water is also arriving earlier in the better connected region, present at the heel of producer well, WF16 
(Figure 12). 
 
 
Figure 12 Tracer view from Injector (WF17) to Producer (WF16) 
 
Pressure Loss Correlation Sensitivity. Two pressure loss correlations are compared in this study: PETEX 4, a built-in 
correlation by Petroleum Expert, and Mukherjee-Brill correlation. A VLP curve comparison, between Mukherjee-Brill, 
Hagerdon-Brown (Default ECLIPSE), and PETEX 4, can be seen in Figure 13. Mukherjee-Brill correlation has higher 
pressure drop in the tubing to produce the same liquid rate. 
With the same tubing head pressure (THP), the bottom hole pressure (BHP) in Mukherjee-Brill correlation is higher, 
therefore the liquid rate produced in total is less than PETEX 4. As consequence the final recovery in simulation with 
Mukherjee-Brill correlation is less than PETEX 4 correlation.  
1
2
3
GOR = 1100 WCUT = 0.55
1
2
3
2
3
Pressure Depletion (Pcurrent – P initial)
Scale : -200 (red) to -350 Bar (Blue)
Delta Sw (Sw current – Sw initial)
Scale : -0.1 (red) to 0.1 (Blue)
2019 2019
2017
2022 2022
WF17 
(Injector)
WF16
(Producer)
2019 2022 2025
2019 2022 2025
WF17 
(Injector)
WF17 
(Injector)
WF16
(Producer)
WF16
(Producer)
10                                                Feasibility Study of Smart Completion Application In A Complex Mature Field (Dunbar, North Sea) 
However, Mukherjee-Brill correlation is chosen as the base case in this study. It accommodates all the flow regimes that 
might exist in the simulated well: uphill and horizontal flow, downhill stratified flow, and predicts the flow pattern 
transitions in inclined two-phase flow (Schlumberger 1998). It also has been used extensively in industry, implemented in 
different software.  A tornado chart showing the sensitivity result of Mukherjee-Brill correlation can be seen in Figure 19. 
 
Figure 13 VLP Comparison 
 
Number of ICD Zoning Sensitivity. The number of zones controlled with ICDs is only limited by the number of annular 
flow isolation packers employed and the incremental cost of ICDs and packers.  ICV on the other hand, are limited by 
number of valves that can be installed in a single completion. A maximum of six ICVs have been installed in a well to date. 
This is related with the maximum number of hydraulic lines to activate the downhole valves. Thus an ICD completion can 
potentially have many more control zones than an ICV completion. Based on previousTOTAL experience, four ICD zones 
are the maximum number of ICD they are confident to work with, related with logistic issue.. Therefore in this study the 
maximum number of ICD is limited to four in producer case, and five in injector case. A sensitivity run using four 
ICDs/ICVs in injector gives detrimental result in the recovery. 
The main consideration to decide the zoning in the wellbore, is based on the prediction of the ability to flow for each 
zone. The flow in front of the same ICD segment must be homogeneous (Ouyang 2009). A good indication to estimate the 
productivity is based on permeability contrast and saturation value. It is wise to separate the high and low oil saturation area 
into different zones, to avoid cross flow within the same zone. A sensitivity with 8 zones of ICD shows that there is only a 
slight improvement in recovery. It brings additional recovery of 0.1 MMBOE in the well and the field level. This shows that 
the zoning preference in the 4 ICDs case is as optimized as of the case with 8 ICDs.  
  
Injection Rate Sensitivity. By increasing injection rate in well WF17, there is no significant increase in pressure support to 
well WF16. This is due to well WF16 partly is located in the isolated region. More pressure support is observed in the high 
permeability area, in the crestal area of the panel. A snapshot showing pressure difference between the ‘higher injection rate’ 
and the base case, can be seen on Figure 14. 
 
 
Figure 14 Pressure Difference of More Injection Case and Base Case (10 to -10 Bar) by Time 
However in later time of the well life (see Figure 14, year 2025) there is some more pressure support observed in the heel 
2019 2022 2025
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of the well, which is connected to the main area. Thus improves the well recovery. A tornado chart showing the injection rate 
sensitivity result can be seen in Figure 19. 
 
ICD and ICV Application in Producer. The application of ICD and ICV in the producer, shows a more evenly distributed 
inflow contribution. In the base case, it can be seen on the simulated production profile along well trajectory (Figure 15), 
that the biggest contributor is the heel section. Both ICD and ICV, give a more uniform production profile along the 
wellbore. It managed to choke inflow from the high permeability zone (the heel), thus encourages the lower permeability 
zones to contribute to the flow.  
Nevertheless in medium to low permeability reservoirs (the other sections than the heel), the extra pressure drop across 
the ICD completion (even though it is significantly smaller than pressure drop in the heel section, with smaller nozzle 
diameter size- annular pressure drop in different ICD segment can be seen in Appendix H) reduces the well’s productivity 
index quiet significantly.  
ICV has the benefit in selectively choke the problematic zone along production time. ICV application gives 2% higher 
well recovery than ICD application (see Figure 16). In addition to oil recovery improvement, ICD and ICV also managed to 
have a more uniform depletion along the well trajectory. It can be seen in pressure depletion snapshot from the simulation 
(Figure 17) that ICD and ICV have less depletion than the base case over time. 
 
 
 
Figure 15 Production Profile Along Wellbore, Base Case, and Smart Completion Case (year 2017) 
 
 
 
Figure 16 Smart Completion Gain in Percentage 
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Figure 17 Pressure Depletion by Time 
 
A tornado chart showing the ICD and ICV application sensitivity result can be seen in Figure 19. 
 
Water Cut Constraint in ICV Control Strategy Sensitivity. An intelligent workover is triggered when the downhole 
measured water cut is violating its constraint value. The most offending zone will be choked accordingly. A simple algorithm 
is simulated for each well segment (see Figure 18). A sensitivity of 50% water cut constraint was compared with the base 
case (70% water cut constraint). The 50% water cut constraint case gave lower incremental gain. This is due to the major oil 
producing zone being also the water producing zone (the heel). It can be seen in Figure 18, that there is a short gap in 
between the water cut profile, this is due to the well is producing outside the VLP working point. After choking the 
problematic zone, the well could not be produced with the current THP, and liquid rate condition. So it will be shut by the 
simulator constraint. A well re-opening after 90 days of shut in is applied in the simulation. This is how the well is 
automatically restarted.  
 
 
 
Figure 18 Workflow in the ICV and the corresponding well watercut profile 
 
A tornado chart showing the sensitivity result can be seen in Figure 19. 
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Figure 19 Pressure loss correlation (Figure 19.a) & injection rate sensitivity (Figure 19.b) on different smart completion type  
 
From the tornado chart (Figure 19.a), it can be seen that the ‘PETEX 4-ICV with 50% water cut’ case gives better 
recovery than the ‘PETEX 4-ICV 70% water cut’ case. In Mukherjee-Brill correlation case, the ‘ICV with 50% water cut’ 
case gives less gain than the ‘ICV with 70% water cut’ case. This is because PETEX4 has less tubing pressure losses hence it 
can sustain the production better. With Mukherjee-Brill correlation, the tubing pressure losses are bigger, hence in its ‘50% 
water cut’ case, with the same choking condition, the well could not sustain production in the same THP. The simulator 
could not find the working point in the VLP table given, and the well has to be shut consequently.  
Sensitivity run with higher injection was carried out using Mukherjee-Brill correlation (the chosen VLP correlation for 
the base case). It can be seen in Figure 19.b that ‘ICV with 50% water cut’ gives the highest recovery. This is due to the 
more depletion effects during early time of the well in the heel section (see Figure 20, year 2022), which made this section 
release more gases. More gases produced during this period helps in reducing the liquid column weight, thus the well could 
sustain stable production. After some time, the effect of increasing injection rate reached the heel section of WF16 (see 
Figure 20, year 2024), and therefore this 50% water cut proven to give a better result, in choking the water and therefore 
allow more oil to be produced. 
 
Figure 20 Pressure difference of ‘more injection’ and ‘base case’ in WF16 with ICV 50% Water Cut case 
 
ICD and ICV Application in Injector. ICD and ICV in the injector well improve the field recovery by 0.2 MMBOE. 
Nevertheless, with the similar field recovery to the base case, ICD and ICV application helps improving the lower 
permeability region recovery by 11 %. From the difference of tracer concentration between the base case and ICD/ICV case 
(Figure 21), it can be seen that ICD/ICV helps improving injection in the low permeability region.  
 
 
Figure 21 Permeability and tracer concentration difference in WF17 (Base case – ICD case) 
Some configuration sensitivities with ICD/ICV applied both in the producer (WF16) and injector (WF17) shows a better 
recovery improvement than ICD/ICV in WF17 alone. Detailed gain on each simulation case is summarized in the tornado 
chart (see Figure 22). For each sensitivity case, a new reference case without ICD/ICV was also simulated. Therefore the 
tornado chart  is only showing the ICD/ICV effect (compared to the new reference case for each sensitivity case).  
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This tornado chart shows that 5 ICV application in WF17 combined with 4 ICV in WF16 gave the best recovery. In the more 
injection case, there is less gain coming from this combination case. This could be due to the simple algorithm applied in this 
study to control. In this study the closed loop to control ICV is only applied once in a well life time, therefore after choking 
the problematic segment once, it will not be possible to allow more progressive choking, or allowing the well to re-open the 
valve to full opening condition, in the case where this segment is no longer violating the constraint. In the case of more 
injection, the injection rate will be choked with this control algorithm, therefore it has less injection compared to the ICD 
case with more injection. It is recommended, (if there is more time available to conduct the study) to test the nested action 
using user defined keyword to re-open the choke, when the problematic segment is no longer violating the constraint.  
 
Figure 22 Sensitivity of smart completion application in injector 
 
 
Geological Uncertainty. A key aspect of the work reported in this paper is also to test the proposed smart completion 
strategy against uncertainty in reservoir properties that lies outside the range captured in a single base case reservoir 
model(Dilib & Jackson 2013)., as we move further from a control well. After a discussion with asset geologist, sensitivity 
runs were simulated for ICD/ICV application in WF16. A different set of uncertainty assumptions were also simulated for 
the ICD/ICV application in WF17 case, and application of ICD/ICV in both WF16 and WF17 case. Detailed uncertainty 
summary can be seen in Table 2.  
 
Table 2 Geological Uncertainty Summary 
 Uncertainty Application in Simulator 
WF16 
The top layer (upper brent) is more eroded (see Appendix L).   Shut the heel section 
The top layer has similar permeability as the permeability in 
the adjacent well, well D08 (see Appendix M) 
Multiply permeability in the heel section by 10 
The toe has permeability similar to the adjacent well, 3/9B-10 
 (extending the well test interpretation permeability-70 mD) 
Multiply the permeability in the toe section by 0.2 
WF17 
Following the history match permeability multiplication trend 
(permeability multiplied by 5 in the crestal area) 
Extend the permeability multiplication to WF17  
Degradation of reservoir quality beneath Paleo-OWC Multiply the permeability below the contact by 0.5 
 
 
Figure 23 Uncertainty Sensitivity Result 
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From the tornado chart (see Figure 23.a), it can be seen that with the same ICD/ICV valve size, multiplying the 
permeability of the heel by 10 will give more detrimental result in ICD case. This is due to higher contribution from the heel 
section, results in lower contribution from the toe section. In the case of multiplying permeability to 70 mD and closing the 
heel, simulation result shows that ICD/ICV managed to give gain than the reference case. This proves that in the case where 
more heterogeneity is encountered, ICD/ICV could optimize recovery. 
In the uncertainty sensitivity in WF17 (see tornado chart, Figure 23.b), there is more gain observed in the low 
multiplication permeability. This is due to the field pressure is better supported in the low permeability sensitivity case (see 
Figure 24). In the high permeability sensitivity case, the pressure is more maintained only in the high permeability region, 
above paleo-OWC. 
 
Figure 24 Pressure difference of ‘more permeability sensitivity in WF17’ and ‘base’ case  
 
Based on uncertainty sensitivity simulations in WF16 and WF17 (see tornado chart, Figure 23.b), ICV application shows 
a better recovery in almost most cases. Thus ICV is proven to deliver higher recovery and reduced risk compared with ICDs, 
because the former has more flexibility to be adjusted to better manage reservoir properties uncertainties. 
 
Production Strategy Sensitivity.  Sensitivity on production strategy was carried out by closing the more depleted section in 
WF16 – the toe, and leaving the heel (with higher productivity and pressure) to produce alone for sometime in the early well 
life. After the heel is more depleted, the toe is open to production-on the year 2020. This strategy is the perfect scenario for 
ICV application. The valve could be controlled from surface to selectively close the toe section, until the downhole pressure 
sensor shows more depletion in the heel region. Eventually the toe is opened. This strategy gave the best recovery in the 
field. It gave gain of 1.3 MMBOE in the field level. This is twice the current reference gain with ICV in WF16 (0.6 
MMBOE).  
 
Conclusions  
 In this study, the 4 ICD zones are as optimized as the 8 ICD zones case. 
 Improving injection rate in this field is not necessarily improving the field production. The injection rate goes 
preferentially to the crestal area with the higher permeability. While in this study the biggest production 
contribution after WF17 injection begin, is coming from WF16, where it is partly located in isolated area. 
 The application of ICD and ICV in the producer well shows a more evenly distributed inflow contribution. ICD and 
ICV also manage to create a more uniform depletion along the well trajectory 
 The application of ICD and ICV in the injector well only, has slightly less gain than the application of ICD and ICV 
in the producer only. Nevertheless it helps to improve recovery from low permeability region by 11%. 
 ICDs can function correctly only when installed at the desired locations. Sensitivity in permeability modifications 
shows less gain than the ICV case result. 
 ICV prove to deliver higher recovery and reduced risk compared with ICDs, because the former can be adjusted to 
better manage reservoir properties uncertainties. ICVs allow more flexible field development strategies to be 
employed and actions to be implemented in real time. 
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 Based on sensitivities and uncertainties simulation results, the recommended configuration suitable to be applied in 
Dunbar field would be : 
 
Case Field Gain (MMBOE) Comment 
WF16 ICV 0.6  
WF16 + WF17 ICV 0.5 + Gain in low permeability recovery by 11 % 
 
Way Forward 
Additional analysis may potentially consist of the following: 
 Utilise nested action in simulating ICV, to demonstrate better the closed loop effect of ICV. 
 Further analysis in the uncertainty result, on the combination of ICD/ICV application in both WF16 and WF17.  
 Perform simulation with objective function option with EST or other software. 
Nomenclature 
A = tubing cross-sectional area, m
2
 
𝐶𝐷 = discharge coefficient, dimensionless 
𝐶𝑓 = unit conversion constant, dimensionless 
𝐶𝑢 = unit conversion constant, dimensionless 
𝐶𝑣𝐸𝐶𝐿 = ECLIPSE flow coefficient, dimensionless 
𝐶𝑓 = unit conversion constant, dimensionless 
D = tubing internal diameter, m 
f = friction factor, dimensionless 
Gboe      = giga barrel oil equivalent 
L = tubing length, m 
MMboe  = million barrel oil equivalent 
mSL       =            meter below sea level 
 
SI Metric Conversion Factors  
 bbl х 1.589 873 E-01  = m3 
 in.  х  2.54* E+00 = cm 
* Conversion factor is exact. 
 
P    = pressure, psia  
∆𝑃𝑐𝑜𝑛𝑠   = pressure loss through a valve, psia 
∆𝑃𝑓     = frictional pressure loss, psia 
𝑄𝐼𝐶𝐷     = flow rate through one ICD, m
3
/day 
𝑄𝑠𝑒𝑔    = flow rate through one segment, m
3
/day 
𝑣𝐼𝐶𝐷    = fluid velocity through one ICD, m/day
 
𝑣𝑠𝑒𝑔    = fluid velocity through one segment, m/day 
𝑤    = mass flow rate of the fluid mixture, scf/day 
ρg     = gas density, kg/m
3
 
ρl          = liquid density, kg/m
3
 
ρm         = density of fluid mixture, kg/m
3 
ρ           = density of fluid mixture, kg/m
3
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MILESTONES IN SMART COMPLETION SIMULATION STUDY 
TABLE OF  CONTENT 
 
 
 
No. 
SPE 
Paper n 
Year Title Authors Contribution 
1. 
WPC- 
29163 
 
1998 
“The Troll Oil Development: One Billion 
Barrels Of Oil Reserves Created Through 
Advanced Well Technology” 
 
Tor Madsen 
The first use of Inflow control Device, as a 
means to balance the inflow profile by 
reducing the flow from high permeable 
intervals in the heel section of the well. 
 
2. 
 
50646 
 
1998 
“Application of a Multi segment Well 
Model to Simulate Flow in Advanced 
Wells” 
J.A. Holmes,  
T. Barkve, 
O. Lund 
The first attempt to simulate smart completion 
(ICD) using multi segment well method in 
Eclipse 200. 
 
3. 106018 2007 
“ICD Screen Technology Used To 
Optimize Water flooding in Injector 
Well” 
A.G. Raffn,  
S. Hundsnes, 
S. Kvernstuen,  
T. Moen 
Field experience on applying ICD, and fine 
tuned by reservoir simulations, for balancing 
the water injection profile into various sand 
formation zones in an open-hole completed 
injector well, increasing sweep efficiency. 
 
4. 113918 2008 
“Insurance Value of Intelligent Well 
Technology Against Reservoir 
Uncertainty” 
E. Addiego-Guevara, 
M. D. Jackson,  
M. A. Giddins 
Good introduction to a closed loop feedback 
for ICV simulation. 
5. 12284 2009 “Analysis of Inflow Control Devices,” 
B. S. Aadnoy,  
G. Hareland 
 
Good summary on analytical approach for ICD 
pressure losses calculations  
6. 124154 2009 
“Practical Consideration of an Inflow 
Control Device Application for Reducing 
Water Production” 
 
Liang-Biao Ouyang 
A good summary and observations on ICD 
applications success story. 
7. 
IPTC 
13925 
2009 
“Recent Advances in Modeling Well 
Inflow Control Devices in Reservoir 
Simulation” 
B. Youngs,  
K. Neylon,  
J. A. Holmes 
Overview in recent advances in simulating 
smart completion, using E200, with multi 
segmented well principal. 
 
8. 137992 2010 
“Wellbore Segmentation using Inflow 
Control Devices: Design and 
Optimisation Process” 
 
Ayesha Al Marzooqi, 
Hamdy Helmy,  
Ashraf Keshka,  
Magdi Elasmar, 
Shaiful H Shafie 
 
Practical guidance for Inflow Control Device 
Design. 
9. 132976-PA 2010 
“Advanced Wells : A Comprehensive 
Approach to the Selection Between 
Passive and Active Inflow-Control 
Completions” 
F.T. Al-Khelaiwi, 
V.M. Birchenko, 
M.R. Konopczynski, 
D.R. Davies 
Good guideline for ICD and ICV comparison. 
10. 144406 2011 
“Application Of Inflow Control Valve 
(ICV) In Water Injector Well : Case Study 
On Alpha Field,” 
E. Abllah, 
M. S. Maulut,  
S. C. Loong 
First integrated study on ICV application in 
injector 
11. 124677 2011 
“Understanding the Roles of Inflow-
Control Devices in Optimizing 
Horizontal-Well Performance” 
 
Zhuoyi Li,  
Preston Fernandes,  
D. Zhu 
General overview on ICD best practice. 
12. 166052 2013 
“Optimized Modeling Workflows for 
Designing Passive Flow Control Devices 
in Horizontal Wells” 
A. C. Vasper,  
S. F. Gurses 
Good example on workflow to better simulate 
smart completion 
13. 150096-PA 2013 
“Closed-Loop Feedback Control for 
Production Optimization of Intelligent 
Wells Under Uncertainty” 
F.A. Dilib, 
M. D. Jackson 
Good example in analyzing different closed-
loop feedback controls application in different 
reservoir model realisations. 
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WPC 29163 (1998) 
The Troll Oil Development : One billion Barrels of Oil Reserves Created Through Advanced Well Technology 
Author: Madsen, T. 
Contribution to understanding of smart completion simulation study: 
Provides field experience on the first use of Infow Control Device.  
Objective of the paper: 
Explained some challenges in developing thin oil layer in Troll Field. Provide the Troll field development concept to eliminate 
these challenges. 
Methodology used: 
1. Used a 12 months extended test program in two horizontal wells equipped with inflow control device. 
2. PLT logging, performed with coiled tubing to establish the inflow profile, and permeability level, and determine any 
well damage.  
 
Conclusion reached: 
1. Inflow Control Device in horizontal well, proved that economic oil production in Troll field could be achieved. 
2. Based on PLT result, it has been proven that the entire horizontal section can contribute, even if the drawdown in the 
heel end of the horizontal well is less than 1 bar. 
 
Comments: 
1. Detailed explanation on drilling and completion of Inflow Control device.  
2. Detailed explanation on Troll oil field characteristic, which can be used as comparison to Dunbar field. 
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SPE 50646 (October 1998) 
Application of a Multi segment Well Model to Simulate Flow in Advanced Wells  
Author: Holmes, J. A.; Barkve, T.; Lund, O. 
Contribution to understanding of smart completion simulation study: 
Provides explanation about multi segment well model calculation in reservoir simulator.  
Objective of the paper: 
1. To explain calculation used to simulate local flowing condition in multi segment well 
2. Highlight a similar result of simulation with multi segment well and the existing wellbore friction model. 
Methodology used: 
Simulate a dual-lateral stacked well, located in a high permeability North Sea reservoir. The well connects to 45 grid blocks, 
of two-phase simulation model (oil and water). Comparing Inflow Control Device (ICD) and Remote Completion Control 
(RCC). Choke is represented by increasing the frictional pressure drop with a multiplying factor.. 
Conclusion reached: 
1. Multi segment well is proved to be a good method to simulate advanced wells in reservoir simulator. 
2. Both ICD and RCC give good benefit to oil production improvement in this case study.  
3. Multi segment well provides great flexibility for modelling different types of flow control device. 
4. Branch to branch cross flow control can be modelled in the simulator. 
 
Comments: 
Good and clear explanation on how local flow is calculated in multi segment well. Detailed in the formula and also provide 
some explanation about Jacobian Matrix Equation method in multi segment well simulation. 
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SPE 106018 (April 2007) 
ICD Screen Technology Used to Optimize Waterflooding in Injector Well 
Author: Raffn, A.G.; Hundsens, S.; Kvernstuen, S.; Moen, T. 
Contribution to understanding of smart completion simulation study: 
Provides detailed operational considerations in designing ICD for injector well. Provide some parameters to observe to verify 
ICD performance in injector well. 
Objective of the paper: 
Provide a general explanation in operational aspect, and some technical considerations in designing ICD in injector well, that 
was tested in Urd field. 
Methodology used: 
ICD design steps : 
1. Design the required type, size, and number of ICD, depending on reservoir condition. 
2. Test qualification program with real fluid (treated water or biological sea water) injection. 
3. Simulation and sensitivity analysis. 
4. Result comparison with actual field data and ICD performance. 
Conclusion reached: 
ICD installed in injector has shown the performance as expected by the design.  
Current data indicates that ICD injector has resulted in an improved sweep.  
 
Comments: 
Good to give a rough idea on which parameters to consider in simulating ICD in injector. 
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SPE 113918 (April 2008) 
Insurance Value of Intelligent Well Technology against Reservoir Uncertainty 
Author: Addiego-Guevara, E. A.; Jackson, M. D.; Giddins, M.A. 
Contribution to understanding of smart completion simulation study: 
Good introduction to a closed loop feedback for ICV simulation. 
Objective of the paper: 
The study is investigating different control strategies. It aims to define the most robust control strategy, based on analysis of its 
application in different reservoir uncertainty realisations. 
Methodology used: 
Three controlled production strategies were investigated: 
1. The simple passive approach using a fixed control device, sized prior to installation 
2. The closed-loop control strategy (reactive control strategy which can be automatically controlled from surface), opens 
or closes ICVs according to well water cut and flow rate 
3. The closed-loop control strategy, proportionally choke the ICVs as increased completion water cut is measured using 
downhole multiphase flowmeters 
NPV (net present value) and IREI (incremental return gain generated by an extra investment) of each cases is analysed. 
Conclusion reached: 
 Passive control strategy yielded the highest returns on investment, but can also yield negative returns and is a risky 
approach if the  reservoir behaviour is not as expected 
 The simple closed-loop with proportional choking can insure against reservoir uncertainty 
Comments: 
This paper gives a very clear explanation on closed-loop strategy application.  
This paper gives a good idea to use NPV and IREI instead of simply use the incremental gain. 
vi                                                Feasibility Study of Smart Completion Application In A Complex Mature Field (Dunbar, North Sea) 
SPE 122824 (September 2009) 
Analysis of Inflow Control Devices 
Author: Aadnoy, B. S.; Hareland, G; 
Contribution to understanding of smart completion simulation study: 
Provides detailed analytical calculation of pressure drop along Inflow Control Device (ICD). 
Objective of the paper: 
 Explain the analytical calculation of pressure drop along ICD.  
 Applying different calculation for different flow regime (Laminar/ turbulent flow) 
Methodology used: 
Splitting ICD into several sections, each with different analytical approach : 
 The outside screen 
 The conduit below the screen 
 The chamber 
 The orifices/Nozzles 
 Using a field example in North Sea, calculating the flow regime of different sections in ICD. 
 
Conclusion reached: 
The nozzle section in ICD is always in turbulent flow with the biggest pressure drop. 
 
Comments: 
 Not really useful for this study. The study is performed in a complex mature field, with more heterogeneous parameter. But 
this paper is good for better understanding of pressure drop calculation in ICD. 
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SPE 124154 (October 2009) 
Practical Consideration of an Inflow Control Device Application for Reducing Water Production 
Author: Ouyang, L 
Contribution to understanding of smart completion simulation study: 
Provides general explanation on different type of Inflow Control Device (ICD) and its fundamental principle. Provide 
illustration to show the benefit of ICD. 
Objective of the paper: 
Provide illustration with simple simulation example to show the benefit of ICD.  
Methodology used: 
Performed a wellbore simulation in a 1000 m horizontal well with different permeability and water saturation zone. Several 
production scenarios is then simulated to illustrate the benefit of ICD. Those cases are the simple slotted liner case, Isolation 
of problematic zone (potential water producer zone), un-optimized ICD with zonal isolation, optimized ICD with zonal 
isolation. 
Conclusion reached: 
1. ICD could work properly to mitigate water coning and delay water breakthrough, but countered with slightly reduced 
well productivity (compared to the slotted liner case) due to additional pressure drop to balance inflow. 
2. ICD completion with automatic setting adjustment capability based on actual inflow distribution is desired for the 
success of the ICD completion, to mitigate the change of reservoir properties and phase saturation over time. 
 
Comments: 
Good for a brief explanation on ICD principle. 
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IPTC 13925 (December 2009) 
Recent Advances in Modeling Well Inflow Control Devices in Reservoir Simulation 
Author: Youngs, B.; Neylon, K.; Holmes, J.A. 
Contribution to understanding of smart completion simulation study: 
Introduces the possibility to upscale Inflow Control Device (ICD) properties in reservoir simulation. 
Objective of the paper: 
To give a general explanation about several method in simulating ICD with multi segments well, and possibility to upscale 
ICD properties in in one segment. 
Methodology used: 
Introduced flow scaling factor, s, where q ICD = s* q segment 
1. The flow scaling factor is set equal to the length of the ICD divided by the length of the ICD segment’s outlet 
segment (parent segment). This option should be chosen if the parent segment’s length is exactly equal to the length 
of the wellbore occupied by ICDs. 
2. The flow scaling factor is set equal to the length of the ICD divided by the total length of all completions that feed the 
ICD. This option is useful for cases where the completion lengths are equal to the length of the wellbore occupied by 
ICDs. 
Conclusion reached: 
Different types of ICD can be modelled by changing the form of these additional pressure drop terms. 
 
Comments: 
Good for a brief introduction to the flow scaling factor, and possibility to upscale ICD. 
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SPE 137992 (November 2010) 
Wellbore segmentation using Inflow Control Devices : Design and Optimisation Process 
Author: Al Marzouqi, A.; Helmy, H.; Keshka, A.; Elasmar, M.; Shafie, S. H. 
Contribution to understanding of smart completion simulation study: 
Provides several factors to consider in creating well segmentation of Inflow Control Device (ICD) simulation and design. 
Objective of the paper: 
The objective is to give a general explanation about factors to consider in creating well segmentation for ICD modelling and 
design. 
Methodology used: 
ICD design steps : 
1. Define minimum target rate 
2. Define the required pressure drop through ICD 
3. Determine total number of ICD 
4. Optimize number of ICD and compartments by running simulation 
Conclusion reached: 
Appropriate design and planning for an ICD completion requires knowledge of reservoir, geology, and accurate modelling of 
the near wellbore fluid flow. 
To ensure the optimum design of ICD, knowledge of the well productivity index and pressure drop is really the key. 
 
Comments: 
Good for a brief introduction to the ICD segmentation design. 
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SPE Production & Operations (August 2010) 
Advanced Wells: A Comprehensive Approach to the Selection Between Passive and Active Inflow-Control Completions 
Author: Al-Khelaiwi, F.T.; Brichenko, V.M.; Konopczynski, M.R.; Davies, D.R. 
Contribution to understanding of smart completion simulation study: 
Good guideline for ICD and ICV comparison. 
Objective of the paper: 
To provide the basis of a screening tool to identify the most appropriate control technology for a wide range situations. 
Specifically in choosing between passive or active flow control in advanced wells. 
Methodology used: 
Provide detailed description on each flow control device advantage and disadvantage for different subjects : 
 Uncertainty in the reservoir description : compared reservoir simulation results for each type of reservoir 
 Number of controllable zones 
 Inner flow conduit diameter 
 Application in multilateral wells 
 Long term equipment reliability 
 Clean up application 
 Selective matrix application 
 Equipment cost 
 Installation risk 
 Gas lift application 
Conclusion reached: 
 Both ICV and ICD are capable of equalizing the inflow from or outflow into heterogeneous reservoirs. However ICD 
application in low permeability reservoirs greatly reduces the well productivity, unlike ICVs. ICD encourage the 
lower permeability zones to contribute to the flow earlier in the well life. However ICV do have the ability to impose 
a higher drawdown. ICV applications in a medium to low permeability reservoirs does not require such a large 
reduction in the well’s productivity or injectivity.  
 ICVs allow more flexible field development strategies to be employed and actions to be implemented in real time. 
Comments: 
A very clear and concise analysis on each control device advantage and disadvantage for different subject. 
A very useful paper to be used in this study analysis. 
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 SPE 144406 (July 2011) 
Application of Inflow Control Valve (ICV) in the Water Injector Well: Case Study on Alpha Field 
Author: Abllah, E.; Bin Maulut, M. S.; Loong, S.C. 
Contribution to understanding of smart completion simulation study: 
Gives some ideas on sensitivity should be done for smart completion application in injector well. 
Objective of the paper: 
1. To study the effectiveness of installing ICV in Alpha field 
2. To find the optimum strategy of water injection with ICV installation 
Methodology used: 
1. Simulation with ECLIPSE, multi segmented well 
2. Sensitivity on valve size and location 
3. Sensitivity in injection rate 
Conclusion reached: 
1. ICV application demonstrate an even distribution of the injected water into all zones along the wellbore for 
permeability contrasts.  
2. ICV managed to avoid early water breakthrough in adjacent producer well. 
3. Installing 1 ICV in the centre of producers has the same sweep efficiency as installing ICV in producers. 
 
Comments: 
Good to give some ideas on sensitivity to be performed. 
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SPE Drilling & Completion (September 2011) 
Understanding the Roles of Inflow-Control Devices in Optimising Horizontal-Well Performance 
Author: Zhuoyi Li; Preston Fernandes; D.Zhu 
Contribution to understanding of smart completion simulation study: 
General overview on ICD best practice. Good illustration in showing that ICD is best applied when the well has frictional 
pressure drop as a problem for production. 
Objective of the paper: 
To show when and how an ICD should be used 
Methodology used: 
Simulate the ICD using skin to minimize convergence problem. 
See the benefit ICD in different cases :  
 Balance flow distribution in high permeability formation 
 Thin oil rim with a gas cap 
Conclusion reached: 
 For a horizontal well, if wellbore pressure drop is dominated by frictional pressure drop, then the ratio K indicates if 
wellbore pressure drop is a problem for production. 
 𝐾 =
𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑙𝑜𝑠𝑠 𝑑𝑢𝑒 𝑡𝑜 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛
𝑡𝑜𝑡𝑎𝑙 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑙𝑜𝑠𝑠
 
 
 If the frictional pressure drop is not significant, installing ICDs is unnecessary, it even could cause more impact on 
restricting oil production than on delaying water/gas breakthrough. 
 If the permeability of the reservoir reduces and the well length becomes shorter, there is no effect of frictional 
pressure drop. In such a case, if the reservoir is fairly homogeneous, adding ICDs does not benefit well performance. 
 Oil production is slightly reduced at the beginning of production with ICD because of additional pressure drop added 
to the flow. In the long term, cumulative production of oil is higher in the case with ICDs than in the case when ICDs 
are not installed. 
 
Comments: 
Good illustration in showing that ICD is best applied when the well has frictional pressure drop as a problem for production. 
Using the formula: 𝐾 =
𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑙𝑜𝑠𝑠 𝑑𝑢𝑒 𝑡𝑜 𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛
𝑡𝑜𝑡𝑎𝑙 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑙𝑜𝑠𝑠
 
K is dimensionless ratio. If K is less than 0.1, adding ICDs to the completion is not necessary. 
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SPE 159634 (October 2012) 
Increased oil production at Troll by autonomous inflow control with RCP valves  
Author: Halvorsen, M.; Elseth, G; Nævdal, O. M. 
Contribution to understanding of smart completion simulation study: 
Provides field experience on the first use of Autonomous Infow Control Device (AICD) in Troll Field. Detailed explanation on 
how AICD works.  
Objective of the paper: 
1. Highlights production experiences with new inflow technology tested at the Troll field. 
2. Provide explanation on how AICD works. 
Methodology used: 
AICD valve will choke the flow of low viscous fluid and favour the viscous fluid. It aims to avoid early gas coning in Troll 
field. The valve operates entirely without human interventions. It operates based on Bernoulli principle. When gas is flowing 
through the valve, the disc will press it towards its seat and reduce the flow area, due to bigger pressure difference between the 
two sides (sand face and tubing). 
Conclusion reached: 
AICD is a useful tool to delay gas coning in a thin oil layer field. 
 
Comments: 
Good and clear explanation on how AICD works.  
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SPE 166052 (September 2013) 
Optimized Modeling Workflows for Designing Passive Flow Control Devices in Horizontal Wells 
Author: Gurses, S.; Vasper, A. 
Contribution to understanding of smart completion simulation study: 
Describes briefly the elements of the design for Inflow Control Devices completions and workflows to simulate them in 3D 
modelling software, in well centric, or reservoir centric model.   
Objective of the paper: 
1. Describes briefly the elements of the design for ICD completions and workflows to simulate them in 3D modelling 
software. 
2. Provide brief explanation in comparison of dynamic or numerical vs. static or analytical modelling. 
Methodology used: 
ICD design strategies which were considered : 
1. Equal length compartments with uniform nozzle sizes 
2. Equal length compartments with variable nozzle sizes 
3. Variable length compartments with variable nozzle sizes 
Three types of 3D model are used. 
1. Well-centric, log derived properties workflow, built around the well. Properties are built from logs or pseudo logs. 
2. Well-centric, geologically derived properties workflow, built from an existing full field model. 
3. Reservoir Centric workflow, uses a sector simulation model. 
Find the optimum number of compartments, length of compartments, number of ICDs and number and size of nozzles using 
objective function in reservoir simulator (which is not really being explained, how to define this objective function) 
Conclusion reached: 
Dynamic model is better to simulate ICD, as it includes fluid flow modelling from reservoir to wellbore, and along the 
wellbore more realistically. 
Long term production predictions are not generally valid for well-centric, log-derived models. It’s best modelled with 
reservoir centric model, but run time would be longer. 
 
Comments: 
Good to show that there’s objective function option in simulator, but unfortunately no explanation on how to model this 
objective function in simulator.  
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SPE Production & Operations (November 2013) 
Closed Loop Feedback Control for Production Optimization of Intelligent Wells Under Uncertainty 
Author: Dilib, F.A; Jackson, M.D 
Contribution to understanding of smart completion simulation study: 
This paper provides clear description on different control strategy result analysis.   
Objective of the paper: 
The study is investigating different control strategies. It aims to define the most robust control strategy, based on analysis of its 
application in different reservoir uncertainty realisations. 
Methodology used: 
Three controlled production strategies were investigated: 
 The simple passive approach using a fixed control device, sized prior to installation 
 The closed-loop control strategy (reactive control strategy which can be automatically controlled from surface), opens 
or closes ICVs according to well water cut and flow rate 
 The closed-loop control strategy, proportionally choke the ICVs as increased completion water cut is measured using 
downhole multiphase flowmeters 
NPV (net present value) and IREI (incremental return gain generated by an extra investment) of each cases is analysed. 
The life of the well is not defined a priori; rather the well is shut once the water cut, measured at the wellhead, exceeds a 
maximum threshold limit 
 
Conclusion reached: 
 Passive control strategy yielded the highest returns on investment, but can also yield negative returns and is a risky 
approach if the  reservoir behaviour is not as expected 
 The simple closed-loop with proportional choking can insure against reservoir uncertainty 
Comments: 
This paper gives a very clear explanation on the application of each closed-loop strategy.  
This paper gives a good idea to use NPV and IREI instead of simply use the incremental gain. 
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Appendix B: Map of the Dunbar Field 
 
 
 
 
Figure B-1 Map showing the location of Dunbar field 
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Appendix C: The Dunbar field reservoir model  
 
 
 
 
Figure C-1 Dunbar field reservoir model top view 
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Appendix D: The West Flank permeability trend 
 
 
At the time of development plan submission, permeability was considered to be largely spatially controlled on both the West 
Flank and Frontal Panels with the best quality reservoir in the north. However, permeability degradation with depth is 
observed in all West Flank and Frontal panel layers with significant impairment apparent below -3560m on the West Flank 
and -3650m in the Frontal Sands. The deterioration in reservoir quality at -3650m is due entirely to alteration of clay 
morphology at a paleo-oil water contact; illite (5-8% total rock constituents) changes from a platy morphology, above, to a 
damaging fibrous morphology below. Overall, 50% of Dunbar resources lie within <10mD rock. 
 
 
Figure D-1 West Flank permeability trend by depth and by porosity  
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Appendix E:  Key parameter in different ICD types 
 
 
A comparison table summarizing the different types of ICD to key parameters of ICD well design can be seen in Table E-1. 
 
Table E-1 Key Parameter in Different ICD Types  
 
  Channel Tube Nozzle Orifice 
Pressure drop by Friction H H N N 
 Acceleration L L H H 
Importance of emulsion H H N N 
Risk of Erosion L L M M 
 Plugging L H M M 
Flexibility at well site L L H H 
H: Highly Dependent;  M: Moderately dependent ; L : Low dependency; N: Not dependent 
 
xx                                                Feasibility Study of Smart Completion Application In A Complex Mature Field (Dunbar, North Sea) 
Appendix F:  Tubing pressure loss comparison 
 
A plot showing comparison of the 3 pressure loss correlations (Hagerdon-Brown, Mukherjee-Brill, Petroleum Expert 4) is 
shown in Figure F-1. It can be seen from this figure, that Mukherjee-Brill-similar to Hagerdon-Brown-will give higher 
pressure loss in the tubing than Petroleum Expert 4. Hagerdon-Brown correlation is not the most recommended method to be 
used in multiphase inclined well. It is recommended to use Mukherjee-Brill correlation or Begs-Brill correlation. 
 
 
 
Figure F-1 Tubing pressure loss correlations comparison 
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Appendix G:  Well screening scoring summary table 
 
 
Detailed table and scoring for the smart completion candidate screening process can be seen in Table G-1 
 
 
Table G-1 Well Screening Detailed Scoring 
 
Well Name WF18 WF16 WF19 WF17 EF1 
Well Type Deviated Horizontal Deviated Horizontal Deviated 
Horizontal Section 
length 
- 1100 m - 1100 m 650 m 
Compartmentalisation 
along trajectory  
Medium. 
Dunlin Shale. 
Yes. 
Transverse 
faulting. 
Medium. 
Baffles by fault 
Yes. 
Transverse 
faulting. 
- 
Permeability contrast 
issue 
Yes. 
Poor permeability 
in upper Statfjord. 
Yes. 
Uncertainty in 
Upper Brent 
properties. 
- Yes. 
Low permeability 
below paleo-OWC 
Medium 
Differential Depletion 
issue 
Yes. 
Virgin pressure in 
Statfjord. 
Yes. 
Virgin pressure 
in Lower Brent. 
Yes. 
Virgin pressure 
in Statfjord. 
Yes. Differential 
depletion due to 
faulting. 
- 
Uncertainty in WOC  Yes.  
WOC in Statfjord. 
- - Yes Yes 
History Match status Attempt to 
simulate the early 
water 
breakthrough with 
new WOC (?) 
OK OK OK - 
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Appendix H:  Pressure drop across ICD in different segment 
 
 
The pressure drop in the heel section is much higher than the pressure drop in different ICD segments. Nevertheless in 
medium to low permeability reservoirs (the other sections than the heel), the extra pressure drop across the ICD completion 
reduces the well’s productivity index quiet significantly.  
 
 
 
Figure H-1 Pressure drop in segment 2 
 
 
 
 
 
Figure H-2 Pressure drop in the other segments 
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Appendix I: Permeability of well WF16 and WF17 in the reservoir model 
 
 
Heterogeneity in the permeability can be seen in both smart completion candidates. Both WF16 and WF17 has the better 
permeability in the heel section (upper Brent section).  
WF17 will be drilled in downdip area, where it is expected to encounter degraded permeability region, of only 1-50 mD 
(below paleo-OWC). 
 
 
  
 
Figure I-1 Permeability of well WF16 and WF17 
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Appendix J: Refined ICDs and upscaled ICDs result comparison 
 
 
A sensitivity with refined ICDs shows that there is only slight difference in recovery. 
 
 
 
Figure J-1 Cumulative (in MMBOE) Difference in Percentage (Upscaled ICDs – Refined ICDs Case) 
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Appendix K: 8 ICDs and 4 ICDs zoning schematic 
 
 
The main consideration to decide the zoning in the wellbore is based on the prediction of the ability to flow for each zone. The 
flow in front of the same ICD segment must be homogeneous. A good indication to estimate the productivity is based on 
permeability contrast and saturation value. It’s wise to separate the high and low oil saturation area into different zones, to 
avoid cross flow within the same zone. It can be seen in Figure K-1, the different zoning in 8 ICDs case and 4 ICDs case. 
 
 
 
Figure K-1 ICD with 8 Zoning vs 4 Zoning 
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Appendix L:  Uncertainty in the Upper Brent eroded surface  
 
 
There is uncertainty in the upper Brent eroded surface. The well might enter straight into Ness with low net to gross (NTG), 
poor quality, poorly connected channel sands, crevasse splays (in the area with the red dashed line). 
 
 
 
Figure L-1 A trajectory snapshot of WF16 showing the uncertainty on more eroded surface 
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Appendix M:  Permeability comparison of well WF16 and well D08 
 
 
Permeability in the Upper Brent section of well WF16, is lower than the adjacent well, D08. A multiplication factor of 10 is 
applied in the uncertainty sensitivity simulation. 
 
 
 
Figure M-1 Permeability comparison of Upper Brent in WF16 and D08 
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Appendix N:  Well 3/9B-10 DST result  
 
 
 
Figure N-1 Well 3/9B-10 DST result 
 
 
Figure N-2 Well 3/9B-10 DST result representation in reservoir model 
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Appendix O:  Production scenario with opening the toe later 
 
 
Sensitivity on production strategy was carried by closing the more depleted section in WF16 – the toe, and leaving the heel 
(with higher productivity and pressure) to produce alone for sometime in the early well life. After the heel is more depleted, 
the toe is open to production-on the year 2020. 
 
 
 
Figure O-1 Pressure and Oil cumulative of selective zone management strategy 
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